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Context. The main chromospheric activity indicator is the 5 index, which is esentially the ratio of the flux in the core of the Ca II H 
and K lines to the continuum nearby, and is well studied basically for stars from F to K. Another usual chromospheric proxy is the 
Ha line, which is beleived to be tightly correlated with the Ca II index. 

Aims. In this work we characterize both chromospheric activity indicators, one associated with the H and K Ca II lines and the other 
with Ho-, for the whole range of late type stars, from F to M. 

Methods. We present periodical medium-resolution echelle observations covering the complete visual range, which were taken at the 
CASLEO Argentinean Observatory. These observations are distributed along 7 years. We use a total of 917 flux-calibrated spectra 
for 109 stars which range from F6 to M5. We statistically study these two indicators for stars of different activity levels and spectral 
types. 

Results. We directly derive the conversion factor which translate the known S index to flux in the Ca II cores, and extend its calibration 
to a wider spectral range. We investigate the relation between the activity measurements in the calcium and hydrogen lines, and found 
that the usual correlation observed is basically the product of the dependence of each flux with stellar colour, and not the product of 
similar activity phenomena. 
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1. Introduction 

In the Sun, the magnetic fields which are generated by turbu- 
lence in the outer convection zone and penetrate the solar atmo- 
sphere cause a very broad range of phenomena, such as sunspots, 
plages, active regions, flares, etc. The term stellar activity refers 
to similar features that occur in late-type stars, i.e., in stars which 
also have an outer convection zone. It is generally accepted that 
magnetic activity in late-type stars is the product of an aO. dy- 
namo, which results from the action of differential rotation at the 
tachocline (the interface between the convective envelope and 
the radiative core). 

Therefore, the nature of stellar activity is closely related to 
the existence and depth of an outer convection zone. Since this 
depth depends on spectral type -from F stars which have shallow 
convection zones to middle M stars which are totally convective- 
, it is of special interest to characterize the stellar activity in stars 
of different spectral types. 

To date, the usual indicator of chromospheric activity is 
the well known S index, esentially the ratio of the flux in 
the core of the Ca I I H and K lines to the continuum nearby 
jVauphan et al ] ll978h . This index has been defined at the Mount 
Wilson Observatory, were an extensive database of stellar ac- 
tivity has been built over the last four decades. However, these 
observations are mainly concentrated on stars ranging from F to 



K (see, for example. iBahunas et al J [19951) . due to the long ex- 
posure times needed to observe the Ca II lines in the red and 
faint M stars. For this reason, the S index is poorly character- 
ized for these stars. In spite of that, many attempts have been 
made to study activity using the Ca II lines (see, for exam- 
ple Pasq uini etalJI 19891; iDuncan etalJl 19911; iHenrv et al.|[T996l; 
,Wright etani2004l) ! 

Nevertheless, as we pointed out, the H and K lines are not the 
most adequate activity indicator for K and M stars, due both to 
their red color and to their intrinsically faint luminosity. Another 
well studied activity indicat or is the Hg line (se e, for example 
Pasquin] & Pallavicini 199k lMontes et al.|[T995l) . In fact, it has 
been claimed that it does exist a strong correlation between Hg 
and the Ca II lines ^Montes et al.J 1995 Strassmeier et di ll 9901; 
Rob inson etaPfigg O; Giampapa et alJll989l) . 
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In this work we characterize both chromospheric indicators 
for a sample of more than 100 Southern stars. We use more than 
900 flux-calibrated spectra which include the full spectral range 
between both proxies. 

The paper is organized as follows. In Section |2] we explain 
how we choose the stellar sample and present the observations, 
and describe briefly the method employed to calibrate them. In 
Section [3] we analyze the Ca II lines and its continuum nearby, 
and the Ha line and its continuum are studied in SectionH) Since 
in our spectra both fluxes are measured simultaneously, we are 
able to study in great detail the correlation between the Ca II 
lines and Ha. We perform this analysis also in Section 4. Finally, 
in Section|5]we summarize our results. 
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2. The observations 

2. 1 . The sample of stars 

In this work we study a sample of 109 Southern stars chosen in 
order to cover the whole range of depths of the convective zone 
(0.45 < B-V < 1.81), from the onset of the outer convective 
layer to fully convective stars. They were also selected to include 
different levels of chromospheric activity, from stars known to 
have non varying records to flare stars. 

In Table|2](at the end of the paper) we list the stars included 
in the sample. For each star we give the HD and GJ/GL num- 
bers and the star name in the three leftmost columns. In the 
fourth column we indicate which stars are expected to be par- 
ticularly active, either because they are dMe stars or because 
they belong to the RS CVn or the BY Dra types. In that col- 
umn we also spec ify which stars are chosen as non-variable by 
iHenrv et"an ( 11996) . based on the long-term observations of the 
Mount Wilson database of the Ca II lines. Also indicated are the 
stars for which planetary systems have been reported. 

In the fifth to seventh columns we list the sta r's spectral type, 
its V m agnitude and B-V colours, taken from iPerrvman et all 
(Il997h . except for the ones indicated. Also from the same cat- 
alogue are the parallaxes (in mas), in the eigth column. The 
gravity and metallicity in the next t wo columns are taken from 
ICavrel de Strobel et all ( Il997i 1200 ll) . The eleventh column lists 
the rotational periods, either measured or estimated from v sin /, 
as stated. In column number twelve we include the number of 
observations of each star used in this work. 

Finally, in the last five columns we give the mean activity 
indexes {S} (in Mount Wilson units), (Fuk) and {Fua), as de- 
fined in Sections 13.21 and 14.21 and the parameters of the linear 
regresions of Section l43] 

2.2. The observations and their processing 

Our observations were made at the 2.15 m telescope of the 
Complejo Astronomico El Leoncito (CASLEO), which is lo- 
cated at 2552 m above sea level, in the argentinian Andes. The 
medium-resolution echelle spectra were obtained with a REOSC 
spectrograph designed to work between 3500 and 7500 A and 
a 1024 X 1024 pixel TEK CCD as detector. The maximum 
wavelength range of our observations is from 3860 to 6690 A 
{R = A/6A ^ 26 400). 

We calibrated in flux all the spectra following the procedure 
described in Cincunegui & Mauas (2004). The method makes 
use of long-slit spectra of the same target stars. We calibrated this 
low-resolution spectra with spectrophotometric standard stars by 
the usual procedure. Then, for each echelle spectrum, we flux- 
calibrated it using the long-slit spectrum of the same star as if it 
were a standard star In Cincunegui & Mauas (2004) there are 
various examples of these spectra, together with a discussion 
about the errors involved in the calibration procedure. 

We began our observing program in 1999, and at present we 
caiTy on four to five observing runs per year In this work we use 
a total of 917 spectra for 109 stars. 



3. Ca II index 

The index most extensively used for chromospheric activity 
studies is the well known Mount Wilson S index. Nevertheless, 
it is not well characterized for the less masive stars. As we ex- 
plained, because of the long exposure times needed to observe 
these stars, usually they are not included in the stellar activity 



databases. In this section we study the behaviour of the S index 
in the whole range of stars with a radiative core and a convective 
outer layer, i.e., from mid F to mid M. 

In Fig.[T]we show the windows chosen to integrate the fluxes 
in the Ca II region, as explained in the next subsections, for sev- 
eral stars of different spectral types and different activity levels. 

3.1. Calibration of the Ca II continuum 

Several authors have constructed empirical stellar fluxes scales, 
relating observed stellar properties, such as colour i ndexes, to the 
suiface flux in specific bandpasses. For example, iLinskv et al.l 
(il979) found a relation between the John son V-R and the sur- 
face flux in the 3925-3975 A bandpass. iPasquini et all (Il988l) 
developed an empirical calibration fo r the fl ux at the Ca II H and 
K lines, and P asguini & Pallavicinil ( 1199 lb did someth ing sim- 
ilar for the flux close to the Ha line. Hall et al. I (119951) derived 
the flux in the Ca II infrared triple t, H and K lines and Ha as 
a function of b-y, and Halll d 19961) have constructed empirical 
fluxes for the continuum near Ca II H and K and Ha as a func- 
tion of different colour indexes. These results apply basically to 
F-K dwarfs. 

To derive a calibration for the Ca II continuum directly from 
our flux-calibrated observations, we integrated the continuum 
flux (as measured from Earth) in two passbands near the cen- 
ter of the Ca II lines, defined in a similar way as the continuum 
passbands of the Mount Wilson Observatory: the blue window 
is centered at 3891 A an the red one at 401 1 A, and both of them 
are 20 A wide. We average this quantities to obtain a mean flux 
at the con tinuum, /br , and we converted it to an absolute stellar 
flux, Fbr (ICoxll2000l) : 



^^RR — 



(10pc)2io(^+*c-<')/b: 



(1) 



where we used the values given in iJohnsonI (1 1 966 ^) to interpolate 
the effective temperature T^s and the bolometric correction BC 
as functions of B-V. 62 of the stars of our sample have m ea- 
surements of Teff fromiCavrel de Strobel et al.1 ( [T997ll200lh and 
ISegransan et al.l (l2003l) . For these stars, in Fig. |2] we compare 
the measured Teff with the one estimated from the interpolation 
of Johnson's data. The fit shown in the lower panel is given by 



estimated Teff - -145.5 + 1. 01 measured Teff , 



(2) 



with a coiTelation coefficient p - 0.98. The scatter in the graph 
is smaller than 5%, and is independient of spectral type. 

In Fig.|3]we plot the absolute mean continuum flux given by 
equation [1] as a function of colour. For the rest of the work, the 
F stars are indicated with triangles pointing downwards, the G 
stars with diamonds, the K stars with triangles pointing upwards 
and the M stars with squares. 

As it can be seen, two K stars clearly apart from the general 
trend: the bluer is HD156425, and the redder HD94683. This 
star was included in our sample because it was classified as a 
K5V star in the SIMBAD database. Nevertheless, according to 
Iferrvman et al. (1997) its luminosity class is III. We can there- 
fore confirm that it is evolved. With regard to HD156425, its 
parallax is unknown, so we cannot assure its luminosity class. 
Both stars were discarded in the rest of the analysis. 

We did a least-squares fit with a quadratic function, consid- 
ering errors of 10% in the flux, and obtained: 



log^BR = 7.739-0.842 (B-V) -0.160 {B-Vf 



(3) 
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Fig. 1. Windows used to compute our S' index, for six stars of different spectral types and activity levels. For each star, we show in 
the top panel the whole spectral range used, with the continuum windows indicated with dashed lines. Below each of these spectra, 
we show in detail the H and K lines, and the triangular shape used to integrate the fluxes. 



with an error given by 

'^[logM = 10-2 [2.04- 8.38 (B-y)+ 12.59 (B-y)2- 
-8.06 + 1.88(B-y)4]° 



nO.5 



(4) 



The function is shown as a full line in Fig. [3] and the dotted lines 
represent the +3cr bands. This fit has a significance of 99.99%, 
considering the 742 spectra with B-V < 1 .2. This significance is 
greatly reduced, however, if all the 886 spectra, are considered, 
due to the small number of spectra with B-V > 1.2 and the 
increased spread for these points. 

It is possible to introduce a bias in this fit, due to the in- 
homogeneous distribution in colour of our stellar sample, and to 



the different number of observations for every star To investigate 
this fact, we averaged the measurementes in bins of 0. 1 in colour 
-excluding HD156425 and HD94683-, to account for the bias 
induced by the larger amount of stars with B-V < 1.2. We com- 
puted the errors as the standard deviation within each bin, since 
the bins are narrow enough to contain only stars with very sim- 
ilar photospheres. Finally, we fitted the results with a quadratic 
function. The differences with Eq. [3] where always smaller than 
15%. 

Hall ( 1996) also studied the behaviour of the continuum flux 
at 3950 A, compiling spectrophotometric data of several authors. 
He found: 



log(F395o)Haii = [-1-995 (B - V) + 8 .22 1 ] ± 0.045 , 



(5) 
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Fig. 2. In the upper panel, we show in open symbols 
the measured T^ff for 6 2 stars of our sample, taken 
from ICavrel de Strobel etaP d 19971 l200lh and ISegransan et all 
(I2003r The fil led symbols co rrespond to the data used to in- 
terpolate, from iJohnsonI (1 1 966h . The lower panel shows the T^-g 
calculated from the interpolation as a function of the measured 
Teff, for these 62 stars. The fit is given by equation|2] As in the 
rest of the figures, the symbols V, 0, A and □ represent F, G, K 
and M stars respectively. 




0.5 1 1.5 

B-V 



Fig. 3. Fbr as a function of colour The solid line is a least- 
squares fit to the stars excluding HD156425 and HD94683, given 
by equation [3] The dashed line is the relation found by iHalll 
(l996l) . 

for a sample smaller than 95 dwarf stars with -0.1 < B-V < 1 .2. 
This fit is shown as a dashed line in Fig. [3] The difference be- 
tween both expressions is probably due to two different facts that 
have the opposite effect.On one hand, the chosen continuum is 
not the same. At 3950 A what is measured is, in fact, a "pseudo- 
continuum": the Ca II lines are so wide that at that wavelength 
it still does exist some absorption. Our flux, measured far away 
from the cores, is more intense, and certainly it is a more real- 
istic estimation of the true continuum, since the contribution of 



the line absorption is smaller. On the other hand, iHalll (Il996h 
corrected the fluxes for the blanketing coefficients and we had 
not, which should result in our fluxes being smaller 

We also performed a linear fit, as was done by Hall ( 1996j|). 
However, for the stars with B-V < 1.2 the significance of the lin- 
ear fit is reduced to 95%. For this reason, we prefer the quadratic 
form given in Eq. 2. 



As far as we know, the only work which compiles measure- 
ments of the inde x S for Southern stars is the one from 
iHenry et"an (Il996l) . They have observed more than 800 stars 
with a Cassegrain Spectrograph. Although our sample of stars 
is smaller, we have collected several observations for each star, 
which allows us t o study the behaviour in t ime of a particular star 
(see, for example ICincunegui et al.ll2006l) . Besides, our sample 
of stars spans a wider range in spectral type, since iHenrv et aTl 
only studied stars with 0.5 < B-V < 1.0. 

We have defined an S' index in a similar way as the one 
used in Mount Wilson: we integrated the flux in two windows 
centered at the cores of the Ca II H and K lines, weightened with 
triangular profiles of 1 .09 A FWHM to mimic the response of the 
Mount Wilson instrument, and computed S ' as the ratio between 
this average line flux and the one at the continuum defined in the 
previous section. 

In order to corroborate the accuracy of this definition, we 
have specially included in our sample 18 s tars from the Mount 
Wilson database defined as non-variable bv lHenrv et al.l d 19961) . 
and we have observed each of these stars between 8 and 14 
times. In Fig. |4] we plot the Mount Wilson S index as a func- 
tion of our mean S ' for these stars, calculated by weigthing each 




0,2 0.4 0.6 

S' 



Fig. 4. S index, as measured in Mount Wilson, as a function of 
our mean 5" index, for the 18 stars chosen as reference stars. 
The full line is a least-squares fit, and the dotted lines are the 
+3cr curves. In the insert we indicate the 39.3% confident level 
(full line) and the 90% confidence level (dotted line) for the two 
parameters fitted. 
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Table 1. Stars used to caUbrate our 5" index with the Mount 
Wilson S , as shown in Fig.|4] is the number of spectra avail- 
able for each star. 



star 


B-V 


5 


OS 


A' 


5" 


OS' 


HD38393 


0.481 


0.151 


0.003 


13 


0.126 


0.004 


HD 16673 


0.524 


0.215 


0.009 


10 


0.174 


0.006 


HD45067 


0.564 


0.141 


0.002 


11 


0.112 


0.003 


HD30495 


0.632 


0.297 


0.016 


12 


0.239 


0.007 


HD9562 


0.639 


0.137 


0.003 


9 


0.109 


0.004 


HD11131 


0.654 


0.336 


0.013 


10 


0.265 


0.008 


HD1835 


0.659 


0.347 


0.021 


14 


0.273 


0.007 


HD158614 


0.715 


0.158 


0.003 


12 


0.127 


0.004 


HD3443 


0.715 


0.182 


0.007 


10 


0.139 


0.004 


HD3795 


0.718 


0.156 


0.004 


10 


0.119 


0.004 


HD 10700 


0.727 


0.171 


0.003 


12 


0.140 


0.004 


HD 152391 


0.749 


0.387 


0.030 


12 


0.324 


0.009 


HD219834 


0.787 


0.154 


0.006 


12 


0.128 


0.004 


HD26965 


0.820 


0.206 


0.019 


10 


0.148 


0.005 


HD 17925 


0.862 


0.648 


0.046 


8 


0.517 


0.018 


HD22049 


0.881 


0.492 


0.036 


14 


0.373 


0.010 


HD23249 


0.915 


0.137 


0.003 


14 


0.105 


0.003 


HD38392 


0.940 


0.531 


0.040 


12 


0.376 


0.01 1 



individual measurement with an error of 10%. The data used for 
this figure are presented in Table [1] We made a least-squares fit 
obtaining: 



S = (1.271 +0.052)5' -(0.002 + 0.007) 



(6) 



with a correlation coefficient of -0.96. The significance of the fit 
is larger than 87%. As can be seen in Table [1] the color range 
involved in this calibration goes from B - V= 0.48 to B - V- 
0.94, only a portion of the whole color range of our sample, 
0.45<Z?- y<1.81. Therefore, this technique allows us to repro- 
duce the Mount Wilson measurements with our instrument, with 
great confidence for stars with B-V< 1, and with some uncer- 
tainty for the whole sample. Since up to present there are no sys- 
tematic measurements of M stars, we cannot estimate the errors 
introduced by this procedure. 

3.3. Conversion factor between S and the flux 

The Mount Wilson S index can be converted to the average sur- 
face flux in the Ca II lines through the relation: 



^'HK=noll.34 10-^5 Cef, 



(7) 



where Ccf (B -V) is a conversion factor which depends on 
colour. Two different exp ressions are widely used for this fac- 
tor, the first one gi ven by iMiddelkoopI ( Il982h a nd corrected b y 
iNoyes et aP (11984 and the other one given by iRuttenI (11984 . 
The deductions used in both works to derive Ccf involve com- 
plex calibration procedures. 

The con version factor computed by IMiddelkoopI and 
iNoves et"aLl is valid for 0.45 < B-V < 1.5, and is given by: 



log C^^ = 1.13^-3.91/ + 2.84}/ -0.47 + A 



(8) 



where y = (B-V) and the last term is, as a function of x = 
0.63 -(B-y): 







if X < 



^^^^ "> 0.135X- 0.814x2 + 6.03xMfx>0. (9) 
On the other hand, the conversion factor computed by lRutteril is: 



and it is valid for main-sequence stars with 0.3 < B-V < 1.6. 
These conversion factors have also been used in recent works 
(see, for example, Wright et al. 2004). 

Since we have simultaneous measurementes of the S index 
and the core fluxes, we can calculate directly the correction fac- 
tor as a function of the index and the flux, fitting the expression: 

log Ccf = log Fhk - log crT,/ - log 5 - log 1 .34 + 4 , (11) 

were we have obtained 5 as a function of the measured S ' using 
Eq.il 

In Fig.|5]we plot the correction factor computed from Eq.lTTI 
as a function of colour The full line corresponds to a least- 
squares fit to the data, with a significance higher than 99% for 
the 880 spectra included. This fit is given by: 



log Ccf = -0.33y^ + 0.55/ - 1.4-ly + 0.8 



(12) 



where y = B-V, and the errors of the fit are: 
cr[i„gc,,] = [0.24 - 1.48y + 3.65y^ - 4.7/ + 3.34/ - 1.24/+ 
+0.19/]'^^ 10"' . 



(13) 



This fit is valid for the whole range 0.45 < B-V < 1.81. 
Also shown in the sam e figure are t he con version factors of 
'MiddelkoopI (119821) and iNoves et all d 198 41 dashed line) and 
Rutten ( 1984, dotted line). The three conversion factors are very 
similar for stars with 0.6 < B -V < 1.0, which are the most 
crowded of our sample. Our factor slightly aparts from the oth- 
ers for 1.0<B-y< 1.5, while it extends the calibration up to 
B-y = 1.8. 

It is worth noting that the conversion factor of Eq. [12] was 
derived using spectra which were calibrated in flux, the same 
which were us ed to measur e the S inde x. On the other han d, the 
ones given by IMiddelkoopI (Il982l) and lNoyes et all (11984 . and 
iRuttenI (11984 . were computed using interpolated fluxes at the 
appropiate wavelengths from other instruments. 



3.4. The photospheric contribution 

The S index depends both on the chromospheric and photo- 
spheric radiation, while the activity is related only to the chro- 
mospheric part. This dependence of S is due, in the first place, 
to the flux in the continuum windows, which is a strong func- 
tion of the spectral type. Furthermore, the passbands centered 
in the cores of the lines include some photospheric contribution 
from the flux, in particular outside the Hi and Ki minima. For 
these reasons it is usually considered that a better indicator of 
chromospheric activity is R'^^, defined as: 



UK ■ 



^ phot 



HK 



Fhoi 



(14) 



log Cff = 0.25 y^ - 1 .33 / + 0.43 y + 0.24 



(10) 



where Fhk is the average surface flux in the center of the H and 
K lines, Fphot is the photospheric contribution integrated in the 
lines and Fboi = o"7^eff ■ 

The triangular profiles used to integrate the line fluxes Fhk 
include some flux outside the Hi an Ki minima, which is formed 
in the stellar atmosphere below the temperature minimum. This 
flux of photospheric origin, Fphot, introduces a dependence on 
stellar colour which has to be substracted in order to obtain the 
net chromospheric line flux defined as: 

■FhK - -^HK - Fphot ■ (15) 
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Fig. 5. Conversion factor between Mo unt Wilson S index and 
f HK- The das hed Une corre sponds to iNoves et"aLl (|1984|) . the 
dotted line to iRuttenI (11984 ). and the full line to our derived 
factor, Eq. [El The stars HD156425 and HD94683 have been 
discarded. 



Unfortunately, our instrumental resolution is not good 
enough to measure the photospheric flux in this way. 

We have adopt ed instead the functional form proposed by 
iNoyes et al.l(ll984|) : 



log 



\ Fho\ 



-4.02- 1.40 (B-V) 



(16) 



in the range 0.44 < B-V < 0.82. This expression has been de- 
rived for the Mount Wilson survey. As the authors explain in the 
cited work, they have also used the same form for B-V > 0.82. In 
fact, it becomes negligible for B-V > 1.0, so we extrapolated it 
to our full range of colours. We will use this expression to obtain 
the chromospheric flux used for the analysis of section [43] 



dMe stars ([Thatcher & Robinson|[T99l iMauas & Falchilll994t 
Mauas et al.l |1997|) . Therefore, Ha is also usually used as a 
chromos pheric indica tor (Labonte 1986; Pasguini & Pallavicini 
1991; Th atcher & Robinsonll993l:lMontes et alJl995l:lHall et al 



,1995 ). Furthermore, the spectral location of this line is much 
more adequate for late stars and the integration times needed to 
obtain a proper signal-to-noise ratio are much lower than for the 
Ca II lines. 

In Fig. |6] we show the windows of interest for Ha for the 
same stars than in Fig.[T] In the next subsections we explain how 
we used these observations. 

4.1. Calibration of the Ha continuum 

In a similar way to the calcium index, we choose two windows 
to integrate the fluxes, one centered in the line and the other in 
the continuum nearby. We calibrated the continuum for this line 
as we did in Section lTTl on one hand, to corroborate the quality 
of the flux-calibration in the Ha region and, on the other, be- 
cause an expression of this kind can be used to calibrate in flux 
normalized spectra in this spectral region. 

We measured the continuum flux averaged in a window 20 A 
wide centered at 6605 A, and we translated it to surface flux, us- 
ing an equation similar to Eq. [T] It is plotted as a function of 
colour in Fig.|2l B-V is, not the best Teff proxy for the coolest 
stars, as can be seen from the notorious scatter for the later stars 
of Fig. |7] but it is the only color index available for our whole 
sample ofstars. Since this calibration can induce errors in the Ha 
flux, we restrict our analysis to stars with B-V< 1.4, and we in- 
dicate the stars excluded from the analysis with a note in Table|2] 
For the 783 points corresponding to these stars we found: 

logF6605 = 7.281 - 0.298 (B-y)- 0.431 (B-y)2 , (17) 
with errors: 

'^[logF™^] = 10"' fl-06 - 5.08 (B-V) + 8.97 (B-Vf - 

-6.96 (B - Vf + 2.00 (B - vff^ ( 1 8) 

and a significance of 84%, assuming indivi dual errors o f 4%. 
This fit is drawn with a full line in the figure. I laiil (119961) com- 
piled data from different sources of spectrophotometry, and, us- 



4. Ha index 

Although the Ca II resonance lines have been the most widely 
used chromospheric indicators, they present two problems when 
they are used to study cool stars. First, the coolest stars -mid K to 
mid M- are progressively redder than the hottest ones, and there- 
fore the spectral range where these lines are located becomes 
less intense -relatively to other ranges of the visual spectrum- 
as the temperature decreases. Moreover, these coolest stars are 
instrinsically faint, and therefore this problem is increased. As 
a consequence, the Ca II lines are not the most adequate to ob- 
servationally study the coolest stars of our sample, because the 
signal-to-noise ratio for these Unes is very small, even whith long 
exposure times. 

Although in most solar-type dwarfs the formation of the Ha 
line is dominated by photoionization, as we move to later stars 
the decrease in the photospheric radiation temperatures gives 
place to a significant coUisional contribution to the source func- 
tion and eventually Ha goes into emission for the dKe and 




0.5 1 1.5 

B-V 



Fig. 7. F6605 as a function of colour The dashed line is the rela- 
tion found bv iHalL(.1996.) . 
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Fig. 6. Windows used to measure the fluxes in Ha, for six stars of different spectral types and activity levels, the same as in Fig.[T] 
For each star, we show in the top panel the whole range used, with the continuum window indicated with dashed lines. Below each 
of these spectra, we show in detail the Ho- line, superimposed with the filter used to integrate the fluxes. 



ing a method that interpolates the continuum flux to the wave- 
length of the line center, found a similar behaviour: 

log (^6563)Haii = [-1.081(B - V) + 7.538] + 0.033 dex , (19) 
which is marked with a dashed line in the same figure. 

4.2. Ha flux and its photospheric contribution 

We computed the flux in the Ha line, Fua, as the average 
surface flux in a 1.5 A squa re passband centered in the line. 
iPasquini & Pallavicinil (Il99l b studied the flux on the stellar sur- 
face in a 1 .7 A window centered at Ha, for a sample of G and 
K dwarf stars, 24 of which were also included in our sample. 
For these stars, we calculated (Fua), the average flux in the line. 



which are s hown in Fig. [H By me ans of a least-squares fit, we 
find that the lPasquini & Pallavicinil fluxes are related to ours 
(FHa) by: 

fPP = ( 1. 1 36 + 0.063) (f Ha) -(0.8 11 +0.139), (20) 

where [Pasquini & Pallavicinil values have a 10% errors, and we 
have considered the individual errors of our measurements to be 
10% as well. However, since we have between 5 and 14 obser- 
vations for most stars, the errors in Fig.[8]are much smaller. 

As it can be seen in Fig. [8] the correlation between both sets 
of measurem ents is excelent, particu larly considering that our 
fluxes and the lPasquini & Pallavicinil ones were taken at different 
moments, i.e. with different levels of activity. 
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{F^^J [10^5 erg cm-^ s-^ A-'] 

Fig. 8. Average surface flux in the center of Ha, for the 24 
stars in common between o ur sample ((Fh»)) and the one of 
iPasq uini & P aUavicinil(ll991 . F^^). The fuH Hne corresponds to 
a least-squares fit of the data, and the dashed line to the +3cr 
band. 

To estimate the photospheric contribution to this line is much 
more complicated than for the calcium ones. On one hand, for 
the Ca lines one can determine where in the wings the flux is of 
photospheric origin. On the other, the photospheric contribution 
to the Ca II line fluxes is less important than the chromospheric 
one, while the center of the Ha line is clearly not opaque even 
for the least active stars, and therefore in this case the chromo- 
spheric contribution is the result of a subtraction between two 
comparable quantities. 

An usual way of overcoming this problem, when the num- 
ber of observations is large enough, is to assume that the pho- 
tospheric flux depends only on stellar colour and corresponds to 
the minimum flux observed. In Fig.|9]we show Fua as a function 
of B-V. The full line is the curve that represents the minimum 
flux of the line, which we fit with a quadratic polynomial of the 
form: 

Fna = lO'^[(>29-610(B-V)+n6(B-Vf] . (21) 



4.3. Relation between the Ca II and Ha fluxes 

It is usually accepted that there is a tight relation between the 
chromospheric fluxes emitted in Ha and in the H and K Ca II 
lines. However, most works where this relation has b een ob- 
serve d ( see, for exam ple, Giampapa et al. 1989; Robinso n et alj 
Il990t iStrassmeieretaIlll990l; iMontes et all 1 19951) found it by 
using averaged fluxes for both the calcium and the hydrogen 
lines, which were not obtained s imultaneously, and were eve n 
collected from diff'erent sources. iThatcher & Robi nsonI (1 19931) . 
on the other hand, did use simultaneous observations, which rep- 
resent a particular moment of each star and not an average be- 
haviour, but they observed each star only once. 




0.5 1 1.5 

B-V 



Fig. 9. Average surface flux in the center of Ha as a function of 
colour, for the whole sample of stars. The full hne represents the 
minimum flux given by Eq.|2T| 
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Fig. 10. Average Ha surface fluxes as a function of the average 
Ca II surface fluxes. 



In Fig. [To] we have reproduced this kind of studies averaging 
for each star our measurements of the Ca II and the Ha fluxes, 
obtained by direct integration of the spectra, and weighting them 
with their individual errors. For the 108 points shown there is, in 
fact, a quite clear correlation between both fluxes, specially for 
the stars whith the strongest chromospheric emission. 

However, the situation is different when the individual stars 
are studied separately. In Fig.[TT|we plot the individual simul- 
taneous measurementes of each flux for several stars of dif- 
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Fig. 12. Average surface fluxes of chromospheric origin, for Ha 
and the H and K lines. The tight relation of Fig. [TO]has a much 
larger spread. 



ferent spectral types and different levels of activity, divided 
into color bins as stated. The error bars represent the 10% of 
uncertainty we asign to our flux calibration, as explained in 
[cincunegui & Mauas (2004). We also show the linear fits for 
each star. It can be seen that the behavior is different in each case: 
in some stars both fluxes are well correlated, as in HD 11 8 100 
and HD36395, although the slopes of the fits are not the same. 
In other stars as HD30495 Fua seems to be almost independent 
of the level of activity measured in the Ca II lines, and there are 
even stars like HD 15 1770 where the fluxes are anti-correlated. 

We found no evidence of dependence of this behaviour with 
spectral type or level of activity. In fact, even when we restrict 
the analysis to dMe stars, where the mechanisms of formation of 
the lines are supposed to be similar, the behaviour differs for dif- 
ferent stars: for example, for G L55 1 (Prox Cen) we fou nd a good 
correlation for both fluxes (see lCincunegui et alj2006 l, where the 
study have been made much more carefully taking into account 
variations produced by flares) while for GL699 (Barnard's star) 
Ha seems to be independent of the activity measured by Ca II. 
In Table |2] we included in the last two columns the slopes and 
correlation coefficients of these fits. It can be seen that there is 
no clear tendency of how Ha varies with Ca II. 

This fact seems to indicate that the trend present in Fig.fTOlis 
not the product of a direct relationship between the activity mea- 
sured in Ha and in the Ca II lines, but it is due to a correlation 
of each separate flux with the stellar colour or the spectral type. 

Finally, in Fig. [12] we plot the fluxes directly related to the 
chromospheric activity, (Fhk - ^hk") ^"d {Fua - ^h")- where 
we used Eq. [T6|and|2T|to compute F^^^ and respectively. 
We see that the cor relation becomes much m ore unclear and the 
spread much larger. [Soderblom et al.l (1 19931) have already argued 
that, given the different conditions of formation of Ha and the H 
and K lines, it is possible to find significant differences between 
their behaviour when observing two different stars, since the un- 
derlying physics for each line could differ much between them. 



5. Summary 

This work concentrates on the statistical study of two activ- 
ity indicators for stars of different activity levels and spectral 
types. We use mid-resolution spectra calibrated in flux for 109 
Southern stars from F6 to M5. We have a total of 917 simultane- 
ous observations of these stars, which include from Ca II H and 
K to the Ha region. 

The first indicator we have characterized is the one related 
to the H and K Ca II lines. We studied the dependence of the 
continuum flux near these lines with colour, and we found an 
excellent agreement with similar studies by other authors, cor- 
roborating the quality of our observations and reduction tech- 
niques. Using 18 stars selected because of their small variability, 
our S ' index correlates very well with the index from the Mount 
Wilson Observatory, which allows us to intercalibrate both sets 
of measurements. 

Usually, the S index is measured with the Mount Wilson in- 
strument or from normalized spectra, and a conversion factor is 
computed -through indirect calibrations- to translate the index 
to the flux in the line. To our knowledge, this is the first work 
where the S index is measured from flux-calibrated spectra, a 
fact that allows us to have simultaneous observations of the in- 
dex and of the flux in the lines. Taking adventage of this fact, 
we derived the conversion factor between S and the line flux 
directly, and extended it to a wider colour range. 

We also studied the behaviour of the flux in the Ha region. 
We first explored the relation of the continuum flux with colour 
reproducing very well previous results of the literature. In this 
case we also found an excellent match between our flux in the 
line and the fluxes published by other authors, for 24 stars of the 
sample. 

Usually the Ha and Ca II fluxes are used interchangeably 
as activity indicators. Since we have a large number of simulta- 
neous observations of both fluxes we could explore their cor- 
relation in detail. We found a strong correlation between the 
mean fluxes of each line for each star. However, when we in- 
vestigate this relation for individual observations of particular 
stars, the general trend is lost and each star shows a particular 
behaviour, ranging from tight correlations with different slopes 
to anti-correlations, including cases where no correlations are 
found. We found no evidence of dependence of this behaviour 
with spectral type or level of activity. 

We conclude that the tight relationship that is present for the 
mean values is basically the product of the dependence of the 
mean fluxes with stellar colours. Therefore, we found that in 
general the activity measured in Ha is not equivalent to the one 
measured in the Ca II lines for the whole sample of stars. 

Acknowledgements. The CCD and data acquisition system at CASLEO has been 
partly financed byR. M. Rich through U.S. NSF grant AST-90-15827. This work 
made extensive use of the SIMBAD database, operated at CDS, Strasbourg, 
France. We thank an anonymous referee for his/her useful comments. 



References 

Baliunas, S., Sokoloft', D., & Soon, W. 1996, ApJ, 457, L99+ 
Baliunas, S. L., Donahue. R. A., Soon, W. H., et al. 1995, ApJ, 438, 269 
Cayrel de Strobel, G., Soubiran, C, Friel, E. D., Ralite, N., & Francois, R 1997, 
A&AS, 124, 299 

Cayrel de Strobel, G., Soubiran, C, & Ralite, N. 2001. A&A, 373, 159 
Cincunegui, C, Di'az, R. R, & Mauas, R J. D. 2006. A&A, in press 
Cincunegui, C. & Mauas, R J. D. 2004, A&A, 414, 699 

Cox, A. N. 2000, Allen's astrophysical quantities (Allen's astrophysical quan- 
tities, 4th ed. Publisher: New York: AIP Press; Springer 2000. Editedy by 
Arthur N. Cox. ISBN: 0387987460) 

Duncan, D. K., Vaughan, A. H., Wilson, O. C, et al. 1991, ApJS, 76, 383 



10 



m 
u 

0) 



o 



C. Cincunegui, R. F. Diaz and P. J. D. Mauas: Ha and the Ca II H and K lines as activity proxies for late-type stars 

0.457 S B-V S 0.624 0.632 g B-V < 0.813 



6.5 



6.4 



6.2 



HP 177936 



HD22049 



HD32 1;47 j JHp 101581 

HD156026 




5.6 



5.8 



6.2 



1 1 1 1 1 1 1 1 1 


' ' ' ' ' ' ^ ■ 

HD3585Q^;; h ' 




HPlj?57b;,\ 




i: \- 








HD48 189 




!!■'>.'; I i 


- 


•r-^^^'HD28246 








■ 






- ■^~~''if^^^^j^HD45067 

, , , l' , , , 1 


, < 1 < , , 1 < 


6.2 6.4 6.6 


6.8 7 


0.820 S B- 


I' S 1.210 




6.8 



6.7 



6.4 



6 2 



0039917* 




- HDZ^iab I HCl73-Sfet) 



6.4 6.6 6.1 

1.461 g B-K g 1.B07 



5.6 




HD225213 



HDr22303 -'-HD36395 



HD42581 




5.5 



log (^hk) [erg g-i I i] 

Fig. 11. Ha surface fluxes as a function of the Ca II surface fluxes, for stars of different spectral types, divided into difl'erent color 
bins, as indicated. 



Giampapa, M. S., Cram, L. E., & Wild, W. J. 1989, ApJ, 345, 536 
Glebocki, R. & Stawikowski, A. 2000, Acta A.stronomica, 50, 509 
Hall, J. C. 1996, PASP, 108, 313 

Hall, J. C, Lockwood, G. W., & Gibb, E. L. 1995, ApJ, 442, 778 

Heniy, T. J., Soderblom, D. R., Donahue, R. A., & Baliunas, S. L. 1996, AJ, 1 11, 

439 

Hooten, J. T. & Hall, D. S. 1990, ApJS, 74, 225 

Jenkins, L. F. 1952, General catalogue of trigonometric stellar parallaxes. ([New 

Haven, Yale University Observatory] 1952.) 
Johnson, H. L. 1966, ARA&A, 4, 193 
Labonte, B. J. 1986, ApJS, 62, 241 

Linsky, J. L., McClintock, W., Robertson, R. M., & Worden, S. P. 1979, ApJS, 

41,47 

Mauas, P J. D. & Falchi, A. 1994, A&A, 281, 129 

Mauas, P J. D., Falchi, A., Pasquini, L., & PaUavicini, R. 1997, A&A, 326, 249 
Middelkoop, R 1982, A&A, 107, 31 

Monies, D., Femandez-Figueroa, M. J., de Castro, E., & Comide, M. 1995, 
A&A, 294, 165 



Noyes, R. W., Hartmann, L. W., Baliunas, S. L., Duncan, D. K., & Vaughan, 

A. H. 1984, ApJ, 279, 763 
Pasquini, L. & PaUavicini, R. 1991, A&A, 251, 199 
Pasquini, L., PaUavicini, R., & Dravins, D. 1989, A&A, 213, 261 
Pasquini, L., PaUavicini, R., & Pakull, M. 1988, A&A, 191, 253 
Perryman, M. A. C, Lindegren, L., Kovalevsky, J., et al. 1997, A&A, 323, L49 
Pettersen, B. R. 1989, A&A, 209, 279 
Reiners, A. & Schmitt, J. H. M. M. 2003, A&A, 398, 647 
Robinson, R. D., Cram, L. E., & Giampapa, M. S. 1990, ApJS, 74, 891 
Rutten, R. G. M. 1984, A&A, 130, 353 

Saar, S. H., Nordstrom, B., & Andersen, J. 1990, A&A, 235, 291 
Saar, S. H. & Osten, R. A. 1997, MNRAS, 284, 803 

Segransan, D., Kervella, P, Forveille, T., & Queloz, D. 2003, A&A, 397, L5 
Soderblom, D. R., Stauffer, J. R., Hudon, J. D., & Jones, B. F 1993, ApJS, 85, 
315 

Strassmeier, K. G., Fekel, F C, Bopp, B. W., Dempsey, R. C, & Henry, G. W. 

1990, ApJS, 72, 191 
Thatcher, J. D. & Robinson, R. D. 1993, MNRAS, 262, 1 
Vaughan, A. H., Preston, G. W., & Wilson, O. C. 1978, PASP, 90, 267 



C. Cincunegui, R. F. Diaz and P. J. D. Mauas: Hor and the Ca II H and K lines as activity proxies for late-type stars 1 1 

Wright, J. T., Marcy, G. W., Butler, R. P., & Vogt, S. S. 2004, ApJS, 152, 261 



12 



C. Cincunegui, R. F. Dfaz and P. J. D. Mauas: Ho- and the Ca II H and K lines as activity proxies for late-type stars 



Table 2. Notes on the stars: 

§: stars reported in CTIO as non-variable, which were used to calibrate the S indexes 

stars with planets 
<: dMe stars, or stars presumably active 
f: RS CVn type 

i: BY Dra type 

The spectral types, V magnitudes and B -V colours are from lPerrvman et al] (Il997h . except the stars indicated with an " which are 
from Simbad database. 

The parallexes are from Fer ryman et alj (Il997l). except the ones marked with a * that are from lJenkinsI (119521) . 

The gravity and metallicity are from ICavrel de Strobel et all (1200 ll) . except the ones indicated with a which are from 

ICavrel de Strobel et al.l (Il997h . 

The rotational periods are f rom: ^ [S aar & Osten| (Il997l) . " iBaliunas et all (Il996l) . ^ iNoves et all (11984. ^ 'Saar et al.' (1990), 



lHooten & Hall (IT9 90) and ' iP ettersen (1989) . Also, we estimated periods from v sin ; using iGlebocki & Stawikowskl (200^ 
and <^' lReiners & S chmitt (2003). 

The last two columns include the slope of the linear regression between Fua and Fuk for the individual spectra of each star (m, see 
Fig- ED and the corresponding correlation coefficient (p). The Fua which are between parentheses were excluded from our analysis 
in Section 14.11 since they might be subject to larger errors due to the use of B-V as a proxy for Tgff for stars with B-V< 1.4. 
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